), indicating that our ability 1974). We recorded from neurons in layers 2 and 3 above to resolve subcolumnar and sublaminar organization of barrels and septa and mapped the distributions of excitneuronal connectivity was similar across all ages. The atory neurons presynaptic to the recorded neuron using total number of APs evoked by identical stimuli in-LSPS (Shepherd et al., 2003) . Glutamate was photorecreased between PND 8 and PND 12 and decreased leased in the focal spot of a UV laser beam on a 16 ϫ again by PND 16 ( Figure 1E ). At each developmental 16 pixel grid. Postsynaptic responses were measured time point, the mean total number of APs evoked was as the average current during a 100 ms response window used to scale the input maps layer-wise for laminar dif-( Figure 1B ; Experimental Procedures). At a particular ferences in presynaptic excitability ( Figure 1F ). Over the spot (i.e., pixel) on the grid (Figure 1C) , the amplitude developmental ages tested, changes in neuronal density of the postsynaptic response was then proportional to are modest. Developmental differences in the scaled the number of neurons stimulated (N cell ), the number of maps can then be interpreted in terms of differences in action potentials (APs) fired per stimulated neuron (N AP ), and the average strength of the synaptic connection with synaptic connectivity; pixel values are proportional to the number of excitatory synaptic connections and their development and well within the width of a barrel (Figure 3D ). strength, termed here "synaptic input": pixel value (synaptic input) ϰ I con .
Neurons above septa also gained input from layer 4 with development, but less rapidly than neurons above Layer 4 of barrel cortex is parceled anatomically and functionally into barrels and septa (Woolsey and Van barrels (factor of 1.3 between PND 8 and 12; 2.8 between PND 12 and 16; Figure 3E ). As a result, layer 2/3 neurons der Loos, 1970). This segmentation is projected onto layer 2/3 neurons above barrels and septa, with cells above septa received less input originating from layer 4 than did cells above barrels ( Figure 3D ). These measurements revealed that the spatial distribution of excitatory ment, we analyzed the emergence of synaptic input to layer 2/3 neurons from granular and supragranular input from layer 4 to layer 2/3 neurons did not sharpen with development. Instead, neurons above septa gained sources in more detail.
inputs from distant regions. Development of Layer 4 → 2/3 Circuits Neurons above barrels rapidly gained excitatory synapDevelopment of Layer 2/3 Local Connections A similar analysis was applied to the development of tic input from layer 4 with development (factor of 2.0 between PND 8 and 12; 3.3 between PND 12 and 16; horizontal connections in layer 2/3. Neurons above barrels gained excitatory input from other layer 2/3 neurons see Experimental Procedures). We measured the spatial distributions of input from layer 4 by averaging synaptic mostly between PND 8 and 12 (factor of 2.2 between PND 8 and 12; 1.5 between PND 12 and 16). We meainput maps across layer 4 ( Figure 3A) . At all ages, layer 4 inputs had high spatial acuity: synaptic input was highsured the spatial distributions of synaptic input from layer 2/3 by averaging synaptic input maps across layer est immediately below the recorded neuron and decreased rapidly with horizontal distance ( Figure 3B ). This 2/3 ( Figure 4A ). We omitted a thin (100 m) vertical band from the analysis because strong direct responses made spatial tuning did not change with age, since inputs increased in the same proportion in and out of the barrelquantitative recovery of synaptic responses difficult. At the youngest ages tested, layer 2/3 inputs were highly related column ( Figure 3C) . As a result, the mean horizontal distance of synaptic inputs was constant during localized: synaptic inputs decreased rapidly with hori- The layer 2/3 synaptic input maps described here are similar to the maps reported in a previous study from neurons (Mann-Whitney, p Ͻ 0.001; Figures 4D and 4F ). 
cells (Figures 5B and 5D). This difference was
For layer 4 cells in barrels, the axonal density projespecially pronounced in septum-related columns, for ecting to layer 2/3 increased rapidly with development which layer 2 cells were only weakly coupled to layer 4, (factor of 2.0 between PND 8 and 12; 1.9 between PND consistent with our previous report (differences between 12 and 16; Figure 7A ). We measured the horizontal septum-related layer 2 and layer 3 cells, p Ͻ 0.01, KS spread of axonal branching ( Figure 7B ). Normalized test).
plots of axonal density revealed that the spread of axons Layer 2 and layer 3 pyramidal cells differed further across rows in layer 2/3 was similar at all developmental with respect to the structure of the input from layer 2/3. ages ( Figure 7C ). Thus, similar to the distributions of Layer 2 cells received stronger input from layer 3 than functional synaptic input from layer 4 impinging onto layer 3 cells from layer 2 ( Figures 5B and 5D ). Thus, layer 2/3 cells, layer 4 axons grow into layer 2/3 in a deeper cells tend to relay information from layer 4 to monotonic fashion, predominantly respecting barrel more superficial cells, with little direct feedback. The boundaries. We found little evidence for loss of axonal differences between layer 2 and layer 3 were more proprojections, consistent with previous studies (Bender et nounced in septum-related columns, where layer 2 neual., 2003). rons received input primarily from other layer 2/3 cells For layer 4 septum cells, the rate of axonal growth rather than layer 4 cells. Therefore, layer 2 septuminto layer 2/3 was lower than for barrel cells (factor of related neurons appear to function as higher-order re-1.5 between PND 8 and 12; 1.8 between PND 12 and lays compared to layer 3 septum-related neurons or 16; Figures 7D and 7E) . Septum cell axons initially grew barrel-related neurons, which are more strongly driven in a narrow column in layer 2/3, similar to barrel cell by layer 4. axons ( Figures 6B and 6C) . However, after PND 12 they elaborated substantially into both neighboring barrels Development of Layer 4 Axons ( Figures 6C, 7E, and 7F) , and the half-width of horizontal Our analysis of intracortical circuits impinging onto layer distribution of axonal projections exceeded the halfwidth of septa at PND 16 (t test, p Ͻ 0.001). 2/3 neurons suggests that these circuits grow monotoni- 
Whole-Cell Recordings in the Developing Barrel Cortex In Vivo
With longer ISI (15 s), such depression was not seen in young animals, while potentiation was produced in older Our in vitro experiments point to a precise process of circuit maturation without diffuse intermediates. These animals ( Figure 8C ). These developmental changes in short-term synaptic plasticity could be due to a deobservations predict that receptive fields in layer 2/3 should be sharp even at early developmental stages. In older rats (PND 15-18, n ϭ 7), the amplitudes of receptive fields were found to be mature, as judged seEPSCs were larger (1.6-to 1.8-fold; MANOVA, p Ͻ by three criteria (Figure 9) . First, in neurons that were 0.05; Figure 9C ) and the latencies of seEPSCs were recovered histologically, the whisker producing the shorter than at younger ages ( Figure 9E ) for all whiskers largest response corresponded to the anatomically correct principal whisker (5/7; in two neurons they were (Armstrong-James and Fox, 1987; Brecht and Sakmann, 
